Pretreatment,of Bacilus subtlis with low concentrations of hydrogen peroxide protected the cells agsinst the lethal effects of higher levels of oxidative stress. During the period of adaptation, eight proteins were induced, as detected by one-dimnensional gel electrophoresis. Four of these proteins were the same size as four of the ptroteins induced by the temperature upshift. The range of proteins synthesized in response to an elevation in temperature depended both on the starting (lower) temperature and on the temperature to which the cells were shifted. Both catalase and superoxide dismutase were present at high levels in B. subilis, but neither was induced by oxidative stress or temperature upshift. In fact, catalase activity was reduced after the temperature upshift.
Stress, responses are characterized by the adaptation of cells to normally lethal levels of stress by their pretreatment with low, nonlethal levels of stress. Such an adaptive response can be induced on exposure to a diverse group of agents, including heat, ethanol, arsenite, oxidizing agents, anaerobiosis, agents which induce the SOS response, and amino acid analogs. A set of proteins, characteristic for each agent, is rapidly induced on pretreatment. There is, however, a degree of overlap in the proteins that are induced (8, 12, 17) .
The most extensively studied procaryotic stress response is the response of Escherichia coli to heat shock. In this organism, induction of heat shock proteins occurs at the transcriptional level and is mediated by the htpR locus, which codes for a minor sigma factor (sigma32) of RNA polymerase (12, 16) . Several additional proteins are induced following a temperature upshift but are not regulated by htpR (15) . It is not yet clear whether Bacillus subtilis has a similar heat shock response. B. subtilis contains a minor sigma factor, sigma28, which shares an overlapping promoter spcificity with sigma32 of E. coli (4) . However, transcription in E. coli from cloned SigMa28-specific promoters of B.
subtilis does not depend on heat shock. The adaptation of E. coli (6) and Salmonella typhimurium (20) to lethal levels of H202 by pretreatment with lower levels has been reported. The resistance to H202 toxicity in E. coli occurs at least partially at the level of DNA repair (6) , and that in S. typhimurium can be partially attributed to higher levels of catalase (20) . Thirty proteins were induced on pretreatment of S. typhimurium with the protective level of H2O2 (5) . A hydrogen peroxide-resistant oxyRi mutant constitutively expressed nine proteins that are normally induced by H202 pretreatment. This strain also had increased levels of catalase, superoxide dismutase (SOD), glutathione reductase, and NAD(P)H-dependent alkyl hydroperoxide reductase. Mutants with the oxyR locus deleted fail to induce the nine proteins that are overexpressed in oxyRi . Many of the proteins induced by H202 are also induced by a variety of other stress agents (14) .
In this report we describe the response of B. subtilis to hydrogen peroxide and temperature shifts. We found that pretreatment with low levels of hydrogen peroxide enabled * Corresponding author. Metabolic labeling of proteins after oxidative stress. B. subtilis was grown in minimal medium as described above.
At ani optical density at 550 nm of 0.35, nine 1-ml fractions were removed into culture tubes. Hydrogen peroxide was added to seven samples (samples 3 to 9) to a final concen-tration of 50 ,uM, while two samples (samples 1 and 2) were untreated. Two samples (samples 1 and 3) were labeled immediately, while the others were labeled at various times up to 1 h after oxidative stress. Samples 2 and 9 were labeled between 60 and 65 min. All labelings were done for 5 min with 30 ,Ci of L-[35S]methionine. After 5 min of shaking at 37°C in the presence of label, cold L-methionine (0.33 ml of 50 mg/ml added to 1-ml cultures) was added. The cells were then immediately centrifuged for 1 min in an Eppendorf centrifuge at 4°C. The pellets were stored at -20°C before they were processed as described below.
Metabolic labeling of proteins at elevated temperatures. B. subtilis was grown in minimal medium at 30 or 37°C as described above. At an optical density at 550 nm of 0.35, 1-ml fractions were taken and shaken at 200 rpm at 30, 37, or 48°C to give the following temperature shifts: 30 to 30°C (control), 30 to 48°C, 37 to 37°C (control), and 37 to 48°C. Samples were labeled at 5 to 10 min and 20 to 25 min after the temperature shift, as described above.
Solubilization of labeled cells for one-dimensional gel electrophoresis. The labeled cell pellets were stored at -20°C for 1 h after centrifugation. The pellets from 1-ml cultures were suspended in 45 IlI of 10 mM Tris (pH 8)-5 mM EDTA-500 pug of lysozyme per ml-100 ,ug of DNase I per ml. Then phenylmethylsulfonyl fluoride was added (1 ,u1 of 10 mM), and the suspensions were incubated at 37°C for 8 min, which was found to be just sufficient to lyse the cells. An equal volume of 2x gel sample buffer described by Laemmli (11) was then added to the samples, after which they were boiled for 10 min. The samples were then spun in an Eppendorf microfuge for 1 min, and the supernatants were stored at -20°C before they were run on polyacrylamide gels. Levels of incorporation were estimated by precipitation of 1 ,ul of extract with trichloroacetic acid and counted in the '4C channel of a scintillation counter TriCarb 3375; (Packard Instrument Co., Inc., Rockville, Md.). Typical incorporation levels were 2 x 105 to 5 x 105 cpm/,ul of extract.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The labeled samples (106 cpm of each sample) were run on 8 and 12.5% sodium dodecyl sulfate-polyacrylamide gels by the method described by Laemmli (11) . 14C-methylated protein mixture (molecular weights, 14,300 to 200,000; Amersham) was coelectrophoresed as a molecular weight marker. After electrophoresis, the gels were soaked overnight in En3Hance autoradiography enhancer, treated according to the instructions of the manufacturer, and dried on a gel dryer. The dried gels were autoradiographed for 10 and 18 h before they were developed.
Enzyme assays. Cells were grown to the mid-log phase in minimal medium and lysed by French pressing. SOD activity was localized in 8% polyacrylamide gels as described by Beauchamp and Fridovich (2) . SOD liquid assays on cell extracts were performed as described by Marklund and Marklund (13) . Liquid assays of catalase activity were carried out on cell extracts (3). Protein concentration was determined with a protein assay kit (Bio-Rad Laboratories, Richmond, Calif.).
One unit of catalase decomposes 1 ,umol of H202 per min per mg of protein at pH 7 and 20°C. One unit of SOD is equal to 50% inhibition of pyrogallol oxidation per mg of protein.
RESULTS
Survival of B. subtilis after treatment with hydrogen peroxide. B. subtilis JH642 was treated with various concentrations of hydrogen peroxide for 1 h, and appropriate dilutions of each sample were plated. The highest concentration of H202 which had negligible effects on the culture titer compared with the untreated control was found to be 50 p.M. A concentration of 10 mM, however, caused 3 to 4 log units of killing.
B. subtilis JH642 was pretreated with 50 p.M H202 for 1 h, followed by 10 mM H202 for a second hour. The percent survival was determined (Table 1) . It can be seen that this pretreatment reduced the degree of killing by the higher concentration of H202 by approximately 100-fold. Thus, 50 p.M H202 is referred to as the protective concentration and 10 mM as the killing concentration of hydrogen peroxide. Some variation was observed between experiments, particularly in the degree of protection obtained by pretreatment with 50 p.M H202. This variation can be partially explained by the dramatic changes in sensitivity observed during the growth cycle (7) . While the cell density at the time of the 50 p.M H202 addition was constant, slight daily differences in the growth rate meant that at the time of 10 mM H202 addition, the cells were at different phases of the growth cycle.
To minimize the amount of cell growth that occurred during the H202 treatment period, cells were assayed to determine the minimum time required for optimum protection and killing. Samples were treated with 10 mM H202 and diluted and plated for survival at different times between 10 min and 1 h after H202 addition. The percent survival of cells was the same at 10 min as at 1 h of treatment, indicating that a 10-min treatment time is adequate for maximal killing with 10 mM H202.
To determine the optimal protection time, replicate samples were treated with 50 p.M H202 for various times between 5 min and 1 h. This was then followed by a 10-min treatment with 10 mM H202. The percent survival was the same for cells protected for 5 min as for cells protected for 1 h, indicating that protection is complete after 5 min of pretreatment. Induction of proteins by the protective concentration of H202. B. subtilis JH642 was pulse-labeled at various times after treatment with 50 p.M H202. Labeled proteins were separated by one-dimensional gel electrophoresis. The experiment was performed on four occasions. To obtain maximum resolution, each set of labeled samples was run on 8 and 12.5% gels, and two different exposures were taken of each autoradiogram. Approximately equal numbers of counts were loaded onto each lane. Band intensities were compared among lanes. In addition, inductions were checked by comparing the intensity of induced bands with that of noninduced bands within lanes. A representative autoradiogram of cells labeled for 5 min in the absence of oxidative stress and at 0 to 5 min after stress is shown in Fig.   1 . Composite results are illustrated in Fig. 2 here were observed in all sets of labeled samples, although the time of induction sometimes varied by 5 min. All inductions noted in Fig. 2 cannot be seen in the particular gel shown in Fig. 1 , since many gels were required to maximally resolve all the proteins. Eight proteins were induced by this treatment ( Fig. 1 and  2 ). All of the proteins were maximally induced within 5 min following the initiation of stress, with the exception of the 49-kilodalton (kDa) protein, which was maximally induced between 15 and 20 min, and the 88-kDa protein, which was maximally induced between 20 and 35 min, following H202 addition. Of the eight proteins, the induction of the 16-kDa protein was strikingly stronger than that of the others (Fig.   1 . The molecular weight of the proteins is given on the left. The level of expression, before and after stress, was judged by the intensity of bands on one-dimensional polyacrylamide gels, as shown in Fig. 1 Levels of catalase, SOD, and glutathione S-transferase in unstressed and stressed cells. Bacteria are protected from oxidative damage by several enzymes, including catalase and SOD. In addition, the enzyme glutathione S-transferase plays a role in inactivating free radicals in some organisms (9) . B. subtilis JH642 cells were separately treated with (i) 50 ,IM H202 for 10 and 30 min and (ii) a heat shock at 48°C (from a preshift temperature of 37°C) for 10 min. Cytosolic fractions were assayed for catalase, SOD, and glutathione S-transferase. Both catalase and SOD were present in B. subtilis (Table 2) , whereas no glutathione S-transferase activity could be detected. The levels of catalase were extremely high; they were 1,000-fold higher than those found in S. typhimurium. Neither catalase nor SOD was induced by hydrogen peroxide or temperature upshift. On the contrary, levels of catalase activity were lower in cells upshifted to 48°C for 10 min compared with those in cells maintained at 37°C. This effect cannot be explained by temperature sensitivity of the enzyme, as incubation of the cell extract at 48°C for 10 min did not lead to a decrease in catalase activity. Two isozymes of SOD were detected in S. typhimurium, an iron-containing and a manganese-containing form (5) . In contrast, B. subtilis was found to contain only one type of SOD, as observed on a nondenaturing gel (data not shown).
DISCUSSION
Characteristic features of the response of organisms to environmental stress are (i) adaptation of cells to normally lethal levels of stress by pretreatment with sublethal levels of stress and (ii) the rapid and generally transient synthesis of proteins on this pretreatment. The response of B. subtilis to oxidative stress caused by H202 observed in this study displays both features of the classic stress response. It was observed that pretreatment of log-phase cells with 50 ,uM H202 protected cells against death when treated with 10 mM H202. The pretreatment level of 50 ,uM H202 was the maximal level which conferred protection without causing significant cell death. This level is similar to the protective levels of H202 used in the case of E. coli (50 ,M [6] ) and S. typhimurium (60 FM [5] ).
Synthesis of eight proteins was induced by the adaptive levels of 50 FM H202 in B. subtilis. Induction of six of these proteins was observed early, i.e., within 5 min of the application of stress, whereas synthesis of 49-and 88-kDa proteins was observed late, at 20 to 25 and 30 to 35 min poststress, respectively. In S. typhimurium, 30 proteins were induced by H202 stress. This difference in the number of proteins induced presumably reflects the greater resolution of two-dimensional gel analysis rather than a significant difference in the response of the organisms. The division of protein inductions into early and late groups in B. subtilis has also been observed in the response of S. typhimurium to H202 stress and has been observed for other stresses, including heat shock, in E. coli (5, 12) .
Heat shock proteins are synthesized when cells are shifted to a higher temperature. Some of these proteins are induced by a wide variety of stresses and can be termed stress proteins. The protein synthetic profiles of B. subtilis cells exposed to a temperature upshift were compared with those of H202-stressed cells. It was apparent that four proteins with similar molecular weights were induced by oxidative stress and temperature upshift. The extent and kinetics of induction of these four proteins differed, however, in the two stress responses. Our results indicate the complex nature of the response of B. subtilis to a temperature upshift. Dramatically different protein synthetic profiles were obtained with cells shifted from 30 to 48°C compared with those of cells shifted from 37 to 48°C. The induction of heat shock proteins in B. subtilis by temperature shifts from 30 to 43°C (19) and 37 to 48°C (18) has been observed. However, an intermediate temperature which confers protection against thermal death at a higher temperature remains to be defined in B. subtilis.
Our results indicate that the protection of cells against killing by lethal levels of H202 is not mediated by induction of catalase or SOD. The same result is found for E. coli, unlike that for S. typhimurium, in which protection correlates with induction of these enzymes (5, 20) . The level of SOD in B. subtilis is similar to that in aerobically grown S. typhimurium, but the level of catalase is 1,000-fold higher than that in either E. coli or S. typhimurium. In addition, our results show only one isozyme of SOD in B. subtilis compared with two in S. typhimurium (5). These differences may be due to the fact that B. subtilis is an obligate aerobe, whereas E. coli and S. typhimurium are facultative anaerobes.
It is not yet clear whether there is a close mechanistic 169, 1987 relationship between various stress responses or whether the same proteins can simply be induced by a number of different mediators. In the case of the SOS and heat shock responses in E. coli, the groEL and dnaK gene products are induced by both stresses. The induction of these proteins by UV light and nalidixic acid (inducers of the SOS response), however, is independent of recA and lexA, which control the induction of other proteins in response to these stimuli. Instead, induction of these genes is mediated by the htpR locus, which regulates induction of other heat shock genes (10) . Similarly, overlapping sets of proteins are induced by oxidative stress, heat shock, and other stresses in S. typhimurium. Some of these are regulated by the oxyR gene, and others are not (14) . These data suggest that any one environmental stress can switch on a number of different regulatory systems, each of which controls its own set of stress genes. It is not yet known whether any of these stress genes can respond to more than one of the regulatory loci. In the accompanying paper (7), we show that the induction of proteins by oxidative stress is controlled by at least two regulatory loci.
